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Abstract 
Electronic interactions associated with atomic adsorbates on van der Waals layered 
transition metal dichalcogenides such as MoS2 can induce massive electronic reconstruction that 
results in the formation of a metallic phase that exhibits characteristics of a two-dimensional 
electron gas. The impact and mechanism of quantum confinement and reduced dimensionality on 
the carrier dynamics in such two-dimensional systems is at present not known, but is of paramount 
importance if they are to find application in optoelectronic devices. Here, we show by a 
combination of angle-resolved photoemission and advanced x-ray spectroscopies that many-body 
interactions in reduced dimension drastically shorten carrier lifetimes and reveal how potassium 
intercalation in MoS2 forces orbital rehybridization to create a two-dimensional electron gas.  
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1. Introduction 
 Two-dimensional electron gases (2DEGs) form when electrons are confined to quantum 
well structures and provide an exquisite test-bed to understand electron behavior in reduced 
dimensions, the underpinning mechanism in modern thin film devices. Historically, 2DEGs have 
been observed at asymmetric heterojunctions in oxide heterostructures promoting 
superconductivity and large magnetoresistance1–4 and semiconductor heterostructures exhibiting 
enhanced carrier mobilities among others.5–7 More recently, interest has shifted to atomically-thin 
layered materials such as graphene,8,9 black phosphorus10 and transition metal dichalcogenides 
(TMDs),11,12 where electrons are naturally confined to their respective layers. TMDs have received 
significant attention with not only hosting 2DEGs but with the introduction of new physics, 
including spin-valley coupling13–15 and topological phases,16,17 relevant to spintronic and 
valleytronic devices18–20 and quantum information processing.21 The confinement of the 
wavefunction to individual layers which is central to many of the unique properties and 
applications of TMDs also makes them ideally suited to potentially support 2DEGs in bulk 
crystals, as has been suggested in WSe2,22 HfSe223 and MoSe2.11 
 TMDs are composed of MX2 layers (M: metal, X: chalcogen) that stack upon each other 
to create quasi-2D van der Waals crystals. The TMD structure and bonding scheme result in a 
distinct electronic structure with layer-dependent electronic properties, including thickness-
dependent bandstructure24,25 and an indirect-to-direct bandgap transition.26,27 Modification of 
TMDs by doping and surface deposition has proved an effective means of tailoring their properties. 
Adsorption of alkali metal atoms may even induce an insulator-to-metal transition,28 and strong 
alkali doping may induce structural transformations between different polytypes,29–34 negative 
electronic compressibility22 and bandgap renormalization.12,35,36 Though Li adsorbates tend to 
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react with the TMD,37,38 more typically alkali dopants adsorb or intercalate, as shown for 
Na,23,29,39,40 K,11,34,35,41–44 Rb12,22,45 and Cs.46,47  
 Angle-resolved photoemission spectroscopy (ARPES) has been employed to detect 2DEGs 
in two-dimensional layered materials.11,22 ARPES is a powerful tool that measures momentum-
resolved electronic structure with band dispersion profiles that may contain identifiable quantum 
well structures, a key indicator of 2DEGs. The reduced dimensionality of 2DEGs can support high 
carrier mobility, which plays a pivotal role in high-speed electronic devices, such as field-effect 
transistors48 and optoelectronic devices.49,50 In order to gain insight into the many-body physics at 
play in these low-dimensional systems, ultrafast carrier dynamics have been particularly 
powerful.51–55 In the case of TMDs however, the vast majority of reports on ultrafast carrier 
dynamics consists of time-resolved optical56–60 and photoemission61–63 spectroscopy methods that 
are limited by the intrinsic time resolution available from the laser sources, which is typically tens 
of femtoseconds. New insights may be gained with core-hole clock spectroscopy (CHC) which 
overcomes this time restriction by operating in a competitive kinetics scheme, providing a time 
base intrinsic to the decay lifetime of a core-electron.64–68 By the very nature of the CHC technique, 
element and orbital information are selectively encoded in this measurement, which may offer 
atomistic insights into the carrier dynamics in the 2DEG.  
 Here, we demonstrate by a combination of ARPES and CHC the effect of K-doping 
induced massive electronic reconstruction and find dramatically increased electron scattering rates 
at ?̅?  in the metallic phase of MoS2. The atom-specificity and orbital-selectivity of CHC 
spectroscopy reveals that the origin for these changes rests in intralayer orbital rehybridization, 
increasing quantum confinement of the conduction band wavefunction and creating a quasi-
freestanding monolayer-like structure of MoS2. We demonstrate a dramatic reduction of the 
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lifetime by a factor of 3 upon K intercalation, and estimate that this corresponds to a lifetime of a 
few hundred attoseconds. Our study therefore directly demonstrates how reduced screening in the 
2DEG of quasi-2D MoS2 increases carrier scattering rates on attosecond time-scales. 
 
2. Results 
2.1. K-induced electronic structure effects of bulk MoS2 
 The occupied band structure of bulk MoS2 has been well established in both high-resolution 
angle-resolved photoemission spectroscopy (ARPES)24 and in state-of-the-art computations.69 Our 
data, shown in Fig. 1a along the 𝛤 − ?̅? direction, agree well with previous work. We confirm that 
the valence band maximum (VBM) is located at 𝛤, and based on the computational studies indicate 
that the bandgap is indirect and located at 𝛤 − ?̅? with an energy of 𝐸𝑔,𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 = 1.4 eV.
26 The 
direct bandgap is at ?̅?, with a magnitude of 1.9 eV.24,26 Due to the dominant Mo character at the 
band edge, the valence band supports a spin-orbit splitting of 180 meV at ?̅?, which is not resolved 
in our room temperature spectra.  
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Figure 1. Band structure of as-cleaved and K-dosed bulk MoS2. Band dispersion maps along the 
𝛤 − ?̅? direction processed with the ARPES curvature method70 of a) bulk MoS2 and b) 0.15 ML 
K on bulk MoS2. Filling of the conduction band edge at ?̅? reveals the direct bandgap, 𝐸𝑔,𝑑𝑖𝑟𝑒𝑐𝑡 = 
2.0(1) eV in K-dosed MoS2; whereas the indirect bandgap at 𝛤 − Σ̅ (𝐸𝑔,𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡) was not observed 
in either instance. K addition also resulted in differential band shifts at high symmetry points 𝛤 
and ?̅? represented by solid and dashed lines in the band dispersion maps. 
 
 The addition of 0.15 ML K alters the valence band structure, most conspicuously from a 
semiconducting phase to the known metallic phase with the filling of the conduction band 
minimum at ?̅? as illustrated in Fig. 1b, where an electron pocket emerges just below the Fermi 
level.  Additionally, all energy levels shift to higher binding energies represented by dashed to 
solid lines at the band edges. Remarkably, the bands do not shift rigidly, as might be expected 
from K-induced n-doping. Rather we observe differential shifts: At 𝛤, the binding energy increases 
by 0.31(2) eV, while at ?̅? the shift is 0.72(2) eV. This is a first indication that K atoms do not 
merely function as n-dopants but rather induce a reconstruction of the electronic structure in MoS2. 
We further observe occupation of the conduction band minimum at ?̅?, creating an approximately 
direct bandgap system with a bandgap 𝐸𝑔,𝑑𝑖𝑟𝑒𝑐𝑡 = 2.0(1) eV, as measured from the onsets of both 
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bands. This is another sign of severe electronic reconstruction upon K-doping, since in bulk MoS2 
the conduction band minimum is located at ?̅? instead of ?̅?. Though the specific changes to the 
band structure differ somewhat on a quantitative level, e.g. in the magnitude of the shifts of band 
extrema at 𝛤  and ?̅? , the transition to a direct-gap system and the accompanying electronic 
reconstruction are reminiscent of electronic structure differences between bulk and monolayer 
MoS2.24,26 In that case, band structure changes are generally believed to be due to quantum-
confinement of out-of-plane orbitals at 𝛤 and ?̅? while leaving the Mo 𝑑𝑥2−𝑦2  and 𝑑𝑥𝑦  in-plane 
orbitals that dominate the valence band at ?̅? unaffected.71 Addition of potassium atoms to bulk 
MoS2 therefore induces a measure of layer decoupling and the emergence of MoS2 structures that 
are rather similar to nominally isolated monolayers. True MoS2 monolayers are normally only 
accessible by exfoliation or direct growth. Importantly, this decoupling is accompanied by filling 
of the ?̅?-valley by electrons, creating a state that resembles and approximates a multivalley 2DEG, 
as also suggested for Rb-dosed WSe2.22  
 The majority of K atoms initially adsorb on the surface, followed by prompt intercalation 
into the layered MoS2 crystal, as observed in the XPS data (Supp. Note 1 and Supp. Fig. 1). This 
is supported by both work function and band structure measurements that lack large time-
dependent changes, remaining stable over many hours after dosing, and the fact that the K 
coverages and a temperature of 298 K used here kinetically favor intercalation.46,72,73 Indeed, 
surface adsorption has been reported to shift the band structure rigidly,74 in contrast to our findings. 
K intercalation is also supported by theoretical predictions75,76 and previous electronic structure 
investigations.35 
 Our ARPES results are in good agreement with other reports on alkali dosing of TMDs. 
While ARPES clearly demonstrates the strong electronic reconstruction upon K dosing, and 
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suggests the formation of a 2DEG, it does not provide a microscopic mechanism for this effect. 
Mechanistic insights can however be obtained from element-selective resonant X-ray 
photoemission spectroscopy. 
2.2. Carrier dynamics of 2DEG on K-dosed bulk MoS2 
 As a first step towards tracking the conduction band dynamics, we investigate the X-ray 
absorption (XA) spectra of as-cleaved and K-dosed MoS2 on the Mo M2,3 adsorption edges 
(primarily 3𝑝 → 4𝑑) to map the desired conduction band region (Fig. 2). Upon K intercalation, 
the intensity decreases and shifts by 0.39(2) eV towards lower photon energies, but is not 
accompanied by broadening or peak shape changes (Supp. Note 2 and Supp. Fig. 2). The change 
of the XA spectrum is likely due to filling of the conduction band states, thus lowering the 
unoccupied density of states and reducing the screening of the core-hole.  
 
Figure 2. X-ray absorption spectra of cleaved (black) and K-dosed (gray) MoS2 monitoring Mo 
M2,3 absorption edges. Intensity is normalized with respect to the incident X-ray photon flux, I0. 
Each XA spectrum shows the spin-orbit components of Mo M3 (3𝑝3/2) and M2 (3𝑝1/2). 
 
 The conduction band of MoS2 is composed of strongly hybridized Mo 4𝑑 ⨂ S 3𝑝 ⨂ S 3𝑠 
orbitals, with contributions from Mo 5𝑝 as well, as determined by polarization-dependent XAS 
investigations on the Mo L2,3 edge by Li et al.,77 and from group theoretical considerations.78 At 
𝛤 the conduction band is comprised mainly of Mo 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals, hybridized with S 𝑝𝑥, 
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𝑝𝑦  orbitals, while at ?̅?  and ?̅?  the lowest few conduction bands support out-of-plane 𝑑  and 𝑝 
character oriented along the z-axis (surface normal).  
 To shed more light on the nature of the 2DEG and the massive electronic reconstruction 
resulting from the formation of the metallic phase upon K intercalation, we monitor the decay of 
the excited state electron using core-hole-clock spectroscopy (CHC). CHC is a rather general 
approach in which carrier lifetimes are retrieved from resonant photoemission spectroscopy 
intensity measurements.64 Specifically, while scanning over the Mo M2,3 absorption edge and 
following resonant excitation of the core electron to the conduction band (Mo 3𝑝 → 4𝑠, 4𝑑), we 
monitor the photoemission intensity associated with specific decay channels of the core-excited 
electron from the conduction band. Comparison of this intensity in MoS2 vs. K/MoS2, in relation 
to the known lifetime of the Mo 3𝑝 core hole, enables us to obtain excited state dynamics with 
element- and orbital-specificity and on attosecond time-scales, as discussed in what follows.79  
 The scheme used here is shown in Fig. 3: Resonant excitation from Mo 3𝑝 levels to the 
conduction band of MoS2 (Fig. 3a) is followed by an Auger-like decay that results in a one-hole 
final state in the Mo 3𝑑 manifold (Fig. 3b). In the CHC experiment, this participator decay channel 
manifests as resonant enhancement of photoemission from Mo 3𝑑 levels. If on the time-scale of 
the Auger decay lifetime the excited electron escapes the potential exerted by the core hole e.g. 
due to delocalization or electron-electron scattering, the expected resonant photoemission 
enhancement is however suppressed (Fig. 3c). The excited state decays instead via normal Auger 
processes.64 Consequently, Mo 3𝑑 photoemission appears with an intensity comparable to direct 
photoemission at similar photon energies. Resonant photoemission intensities therefore directly 
encode the dynamics of carriers. 
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Figure 3. CHC scheme for measuring attosecond conduction band dynamics in MoS2 following 
the decay channels after resonant excitation. a) Resonant excitation from Mo 𝟑𝒑 (green) to the 
conduction band of MoS2 (blue) results in a highly excited state that decays via two types of Auger-
like pathways: b) participator decay resulting in a final state with Mo 𝟑𝒅 hole (purple) or c) the 
excited electron delocalizes into the conduction band before core-hole decay, and normal Auger 
processes drive the system to its ground state. Note that 𝝉𝒄−𝒉 is the core-hole lifetime and 𝝉𝑪𝑩 is 
the lifetime of the conduction band electron. 
 
 We first consider the resonant photoemission (RPE) spectra whereby we can ultimately 
extract the carrier dynamics from the intensity fluctuations in the observed XPS features. Figure 4 
shows RPES maps of freshly cleaved MoS2 (Fig. 4a) and K-dosed MoS2 (Fig. 4b), together with 
the XA spectrum of Mo M2,3 (Fig. 4c) for convenience. The RPES map is comprised of XP spectra 
of Mo 3𝑑5/2, Mo 3𝑑3/2 and S 2𝑠 features at photon energies taken in the vicinity of the Mo M2,3 
absorption edge and measured every 0.5 eV. Accessibility to the MoS2 conduction band results in 
strong resonant enhancement of both Mo 3𝑑3/2 and Mo 3𝑑5/2 XP features. In the remainder of 
the results section and for a quantitative analysis, we focus on the intensity changes over the Mo 
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M3 adsorption edge to avoid interference from the K N-edge at 410 eV that overlaps with the Mo 
M2 adsorption edge. 
 
Figure 4. Resonant photoemission contour plots of a) as-cleaved and b) K-dosed MoS2 monitoring 
the intensity changes of XP features Mo 𝟑𝒅 and S 𝟐𝒔 on resonance with Mo M2,3. c) XA spectrum 
of Mo M2,3 with highlighted regions (pink) where resonantly enhanced photoemission may be 
expected in the RPES maps. 
 Figure 5 features representative XP spectral cuts from the RPES maps for both MoS2 (Fig. 
5a) and K-dosed MoS2 (Fig. 5b) at a cut along ℏ𝜔 = 391 eV. All XPS fits incorporate features for 
relevant core-levels including Mo 3𝑑5/2 , Mo 3𝑑3/2  and S 2𝑠  as well as an Auger feature, 
identified by the fact that it shifts binding energy with a change in photon energy. Notably, the 
spin-orbit split Mo 3𝑑 peak shapes change from symmetric to asymmetric with the introduction 
of K. The peak shape is reminiscent of the classical Doniach-Sunjic asymmetry resulting from 
metallic screening, which might be expected to arise in the transition from the semiconducting to 
the metallic phase of MoS2 upon K dosing. However, the many-body processes giving rise to a 
Doniach-Sunjic line profile result in an asymmetry extending towards higher binding energies, 
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opposite to what is observed in Fig. 5. We instead assign a shoulder feature to the fit that represents 
a small fraction of partially reduced MoS2, indeed also expected from the metallization of MoS2. 
 
Figure 5. Resonant enhancement of Mo 𝟑𝒅 core-levels upon excitation into the MoS2 conduction 
band for as-cleaved and K-dosed MoS2. Representative spectra at ℏ𝝎 = 391 eV for a) MoS2 and 
b) K/MoS2. Apart from intensity changes, a small contribution of reduced Mo accounts for the 
slightly asymmetric peak shape in K/MoS2, not observed in MoS2. c) The XA spectra of the Mo 
M3 adsorption edge. Normalized resonant intensities derived from XP spectral fits of MoS2 and 
K/MoS2 for d) Mo 𝟑𝒅𝟓/𝟐 and e) Mo 𝟑𝒅𝟑/𝟐 core-levels. The error bar represents uncertainties in 
the X-ray intensity, obtained from Au 𝟒𝒇𝟕/𝟐  photoemission spectra acquired concurrently. f) 
Difference of normalized resonant and XA intensities as a function of photon energy that reveals 
additional changes in resonant intensities beyond conduction band filling.  
 
 From the XPS fits, we extract the normalized photoemission intensities of the Mo 3𝑑 
features as a function of photon energy across the Mo M3 edge (Fig. 5c), excluding the minor 
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contribution from Mo reduction in K/MoS2 XP spectra. The resulting resonant intensities are 
shown for Mo 3𝑑5/2 in Fig. 5d and for Mo 3𝑑3/2 in Fig. 5e. Two salient features are noticeable: 
1) The photoemission intensities exhibit a clear resonant enhancement on the Mo M3 edge which 
does however not follow the complete XAS profile; and 2) K-dosing reduces the resonant intensity 
for both Mo 3𝑑 photoemission channels.  
 The question arises if this behavior is merely a consequence of conduction band filling. To 
this end, we calculate as a function of photon energy the difference ∆𝐼𝑛𝑡 between normalized 
resonant intensities in MoS2 (𝐼𝑀𝑜𝑆2
𝑅𝑒𝑠 ) and K/MoS2 (𝐼𝐾,𝑀𝑜𝑆2
𝑅𝑒𝑠 ) and normalized XA intensities in MoS2 
(𝐼𝑀𝑜𝑆2
𝑋𝐴𝑆 ) and K/MoS2 (𝐼𝑀𝑜𝑆2
𝑋𝐴𝑆 ) and plot it in Fig. 5f:  
  ∆𝐼𝑛𝑡 = [
𝐼𝑀𝑜𝑆2
𝑅𝑒𝑠 −𝐼𝐾,𝑀𝑜𝑆2
𝑅𝑒𝑠
𝐼𝑀𝑜𝑆2,𝑚𝑎𝑥
𝑅𝑒𝑠 ] − [
𝐼𝑀𝑜𝑆2
𝑋𝐴𝑆 −𝐼𝐾,𝑀𝑜𝑆2
𝑋𝐴𝑆
𝐼𝑀𝑜𝑆2,𝑚𝑎𝑥
𝑋𝐴𝑆 ] (1) 
If conduction band filling was the dominant reason for the suppression of resonant photoemission 
intensity upon dosing with K, the values for ∆𝐼𝑛𝑡 would be scattered around 0 (dashed line in Fig. 
5f). The systematic negative deviation from ∆𝐼𝑛𝑡 = 0  indicates clearly that conduction band 
filling is not primarily responsible for the much-reduced resonant photoemission intensity in 
K/MoS2. Rather, the reduced resonant intensities in both photoemission channels report on a 
shortened excited state lifetime upon K intercalation and 2DEG formation. Averaged across the 
absorption edge, this intensity reduction amounts to a factor of 1.69 ± 0.09 for Mo 3𝑑5/2 and 
1.55 ±  0.17 for Mo 3𝑑3/2, and constitutes our principal experimental finding. 
 
 We may estimate the drop in lifetime of a carrier in the conduction band  by making use of 
the known Mo 3𝑝3/2 core-hole lifetime of 𝜏𝑐−ℎ =
1
𝑘𝑐−ℎ
= 299 as.80 Since the hole is an inner-shell 
core-hole and thus well screened, its lifetime is independent of the chemical environment, a fact 
we will use below to estimate absolute lifetimes.64 The core-hole functions as a natural clock 
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against which electron dynamics in the conduction band can be measured in a competitive kinetics 
scheme (Fig. 3, Supp. Note 3 and Supp. Fig. 3): The competition of core-hole decay vs. 
delocalization and scattering processes in the conduction band determines the intensity of the 
observed Mo 3𝑑  participator. We conservatively estimate that a signal-to-noise ratio of 10 is 
needed to differentiate intensities, which translates to an observable range of carrier lifetimes of 
0.1𝜏𝑐−ℎ ≤ 𝜏𝐶𝐵 ≤ 10𝜏𝑐−ℎ, where 𝜏𝐶𝐵 =
1
𝑘𝐶𝐵
 is the lifetime of carriers in the conduction band. We 
thus expect to be able to observe processes on time-scales from 30 attoseconds to 3.0 
femtoseconds. Assuming first-order rate laws for all decay processes, as is customary for CHC, 
𝜏𝐶𝐵 is obtained from the measured resonant photoemission intensities of the Mo 3𝑑 participator in 
MoS2 (𝐼𝑀𝑜𝑆2) and the resonant photoemission intensity associated with a fully localized conduction 
band electron (𝐼𝑙𝑜𝑐) that undergoes exclusively core-hole decay:
64  
  𝑘𝐶𝐵 = 𝑘𝑐−ℎ
𝐼𝑙𝑜𝑐−𝐼𝑀𝑜𝑆2
𝐼𝑀𝑜𝑆2
 (2) 
 Conduction band electrons in neither MoS2 nor K/MoS2 may be assumed to be fully 
localized, and hence 𝐼𝑙𝑜𝑐  is not directly accessible from our measurement. However, we may 
anchor a lifetime measurement with CHC from estimating 𝐼𝑙𝑜𝑐  by making use of the known 
conduction band carrier lifetime of bulk MoS2 of 1.25 fs, obtained by CHC in multi-layer MoS2.81 
This allows us to estimate 𝐼𝑙𝑜𝑐 of a putative fully localized Mo 3𝑑3/2 participator from Eqn. (2). 
We will discuss the validity of this assumption below, but note at present that the lifetime is also 
consistent with the width of the XA spectrum. The resonant photoemission intensities for the Mo 
3𝑑5/2 and 3𝑑3/2 participator in Fig. 5d,e are then used to extract the carrier lifetimes for MoS2 and 
K/MoS2 excited on the Mo M3 edge, as shown in Fig. 6 and with peak values tabulated in Table 1. 
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Figure 6. Carrier lifetimes of as-cleaved and K-dosed MoS2. a) Mo M3 XA spectrum. Carrier 
lifetimes of b) MoS2 and c) K/MoS2 calculated from Mo 𝟑𝒅 resonant intensities and their 
uncertainties, assuming 𝝉𝑪𝑩 = 𝟏. 𝟐𝟒 fs for MoS2. 
Table 1. Ultrafast carrier delocalization times (𝝉𝑪𝑩 = 𝒌𝑪𝑩
−𝟏) of MoS2 and K/MoS2 at peak values 
from Fig. 6 at approximately ℏ𝝎 = 391 eV.  
 
XP feature 𝝉𝑪𝑩, MoS2 (fs) 𝝉𝑪𝑩, K/MoS2 (as) 
Mo 3𝑑5/2 1.24 ± 0.34 368 ± 60 
Mo 3𝑑3/2 1.25 ± 0.62 459 ± 159 
 
The effect of K intercalation and 2DEG formation is striking: The carrier lifetimes drop from 
approximately 1.25 fs to 300 – 500 as in K-dosed MoS2, approximately 3 × shorter than for MoS2, 
and indicating that K intercalation generates additional pathways for inelastic scattering of 
conduction band electrons. Both participator channels, Mo 3𝑑5/2 and Mo 3𝑑3/2, exhibit a similar 
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decrease, where the difference stems largely from different energy-dependent partial 
photoionization cross-sections.82  
3. Discussion 
 We used the known 𝜏𝐶𝐵  of MoS2 to anchor our lifetime estimates.
81 This value was 
obtained for a measurement on the S K-edge rather than the Mo M-edge, and some caution is in 
order whether this value would be the same when measured on the Mo M-edge. In a recent resonant 
Auger study of c(4x2)S / Ru(0001) probing core-holes on different edges (Δ(ℏ𝜔) ~2250 eV), 
comparable carrier delocalization times were found, independent of the X-ray absorption edge.83 
This is reasonable if the core-hole is located significantly below the valence shell and therefore 
well shielded by the remaining electrons. This is certainly also the case for the Mo 3𝑝 levels used 
here, and one may thus expect that 1.25 fs is a reasonable estimate for the lifetime in the conduction 
band. If instead we vary this lifetime between 100 as and 100 fs for a given change in resonant 
photoemission intensity of approximately 1.5, we find that the lifetime in K/MoS2 drops between 
a factor 1.6 and 160. Consequently, K intercalation and the accompanying transition to the metallic 
phase of MoS2 leads in all cases to drastically reduced lifetimes. We note in passing that these 
lifetimes are measured in the presence of a core-hole, and hence should not be compared with 
quasiparticle lifetimes that might be estimated from ARPES bandwidths.  
 The combination of ARPES and CHC spectroscopy reveals that K intercalation causes a 
strong electronic reconstruction, accompanied by the formation of a 2DEG and significantly 
shorter electronic lifetimes in the conduction band. The element- and orbital-selectivity of XPS 
help distinguish between different possible mechanisms at the root of these strong electronic 
changes.  
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 A number of studies have demonstrated that alkali atom dosing induces a structural phase 
transition from the standard 2H- to 1T-MoS2, triggered by intralayer atomic gliding.33,84 Signatures 
of this transition to the metallic 1T phase can be readily observed in XPS, manifesting e.g. as shifts 
in the Mo 3𝑑 core-level by several eV.85 We do not observe such changes in XPS of Mo 3𝑑. 
Moreover, though charge-density wave formation and suppression by alkali adsorbates has been 
observed in other van der Waals layered materials, there is no indication of such a phase transition 
in the ARPES data.45 We may therefore exclude structural phase transformations as the source of 
the 2DEG formation.  
 Previous work showed that layered van der Waals materials are effectively two-
dimensional on short time-scales, i.e. intralayer electron-transfer is approximately 10 × faster than 
interlayer electron transfer, 𝑘𝑖𝑛𝑡𝑟𝑎 ≈ 10𝑘𝑖𝑛𝑡𝑒𝑟 .
66 It is conceivable that K intercalation further 
separates adjacent MoS2 sheets, thus further decoupling individual layers. Such simple “layer 
decoupling” is however unable to account for the observed shortened lifetimes upon K 
intercalation: Under the assumption of first-order kinetics inherent to CHC, and assuming the two 
rates 𝑘𝑖𝑛𝑡𝑟𝑎 and 𝑘𝑖𝑛𝑡𝑒𝑟 to be independent, the total rate 𝑘𝑡𝑜𝑡 for conduction band electron transfer 
in real space is 𝑘𝑡𝑜𝑡 = 𝑘𝑖𝑛𝑡𝑟𝑎 + 𝑘𝑖𝑛𝑡𝑒𝑟; simple layer decoupling due to increased separation of 
MoS2 sheets by K intercalation would reduce 𝑘𝑖𝑛𝑡𝑒𝑟 and therefore decrease 𝑘𝑡𝑜𝑡, contrary to our 
observations of shortened carrier lifetimes and increased 𝑘𝐶𝐵. 
 Instead, we make use of the element- and orbital-specificity of CHC spectroscopy to 
identify the mechanism for 2DEG formation. The p-polarized X-ray radiation probes 
predominantly out-of-plane Mo orbital constituents of the conduction band. In combination with 
the atomic selection rule of ∆ℓ = ±1 , excitation from the Mo 3𝑝  core levels accesses 
preferentially out-of-plane 𝑑-orbitals such as 4𝑑𝑧2 . A group theory-based orbital decomposition 
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of the MoS2 conduction band indicates that such orbitals occur primarily at high symmetry point 
?̅?  and ?̅? , and thus CHC spectroscopy preferentially probes electron dynamics in these two 
regions.78 The ?̅? valley or conduction band minimum is also the region in the Brillouin zone of 
increased electron density upon K intercalation, and hence the most significant region for 
understanding the electronic reconstruction and the associated conduction band electron dynamics.    
 The out-of-plane character of the orbitals probed in our experiment accesses Mo orbitals 
that are hybridized with S ligand orbitals. Thus, an increase of 𝑘𝐶𝐵 is the result of rehybridization 
and stronger mixing between Mo 4𝑑𝑧2  and S 3p orbitals in K-dosed MoS2. In real space, this 
results in increased electron-electron interactions, i.e. increased scattering rates, within a single 
MoS2 layer (increased 𝑘𝑖𝑛𝑡𝑟𝑎), and provides additional decay channels of the excited state. The 
decreased electronic lifetime in electron-doped MoS2 involves both an increased phase-space for 
electron scattering and an increased scattering cross-section. The electron-doping induced many-
body interactions cause rehybridization towards an electronic structure that resembles more closely 
that of the MoS2 monolayer, which is the source of the strong electronic reconstruction and 
appearance of a direct bandgap in the ARPES map. At the same time, the increased intralayer 
interactions occur at the expense of interlayer coupling, confining the electrons more strongly to a 
single MoS2 sheet and creating the observed 2DEG-like state. 
 
4. Conclusions 
 We demonstrate with a combined ARPES and CHC study that K intercalation in MoS2 
leads to massive electronic reconstruction and 2DEG formation due to out-of-plane orbital 
rehybridization. The increased conduction band electron density and quantum confinement to a 
single MoS2 layer causes dramatically increased electronic scattering rates and reduced lifetimes, 
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which we estimate to be reduced by a factor ~3 to approximately 300 – 500 attoseconds. Such fast 
electron scattering is a hallmark of reduced screening that accompanies confinement of layered 
van der Waals materials in the 2D limit. Evidently, this confinement-induced reduced screening is 
not offset by the doping-induced increased carrier density, and is rather the result of many-body 
interactions induced by filling of the ?̅? valley upon electron-doping. Our study also shows that the 
ultrafast carrier dynamics of MoS2 can be tailored rather simply, and opens opportunities for 
investigating the consequences of intercalation- or adsorption-induced inversion symmetry 
breaking and the possibility of spin-splitting on ultrashort time-scales.12  
 
Methods 
 Synthetically grown bulk 2H-MoS2 was purchased from 2D Semiconductors. The MoS2 
crystal was cleaved by mechanical exfoliation in a protective atmosphere before introduction to an 
ultrahigh vacuum preparation chamber. Sample integrity was verified by XPS of Mo 3𝑑5/2 and 
3𝑑3/2  core-levels, sharp and intense valence band features without an underlying defect 
background, and a work function of 5.2 eV. K deposition (SAES Getters) was calibrated on clean 
Cu(111), where the evolution of the electronic structure as a result of alkali adsorbates has been 
studied in detail, and is reported in fractions of a putative monolayer (ML).86–88  
 XA and RPE spectra were obtained at Stanford Synchrotron Radiation Lightsource on 
beamline 8-2 (SLAC National Accelerator Laboratory), with all experiments carried out at room 
temperature. XA spectra were performed in total electron yield (TEY) mode using a drain current. 
XP and RPE spectra were acquired with a double-pass cylindrical mirror analyzer for kinetic 
energy discrimination of photoelectrons. The electric field of the near-grazing incidence X-ray 
beam was linearly polarized in the horizontal plane, and excites predominantly transitions that are 
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polarized along surface normal (z-axis). XP and RPE spectral resolution was approximately 0.5 
eV, with a pass energy of 25 eV. The base pressure of the analysis chamber remained below 7 x 
10-9 mbar throughout all measurements. Absolute energy calibration and global vacuum level 
corrections were obtained from an Au film on a Si wafer, and spectral intensities were calibrated 
against the incident X-ray photon flux (I0) measured on a gold grid upstream from the analysis 
chamber. All XP spectra were processed with an initial subtraction of a linear background and a 
Shirley or integrated background.  
 ARPE spectra were collected in a VG EscaLab MK II photoelectron spectrometer at room 
temperature with a base pressure of 2 x 10-10 mbar. All reported spectra were measured along the 
𝛤 − ?̅? direction with an acceptance angle of ±1.5° and a sample bias of -3 V using a He (I) source 
(SPECS 10/35, ℏ𝜔 = 21.22 eV) mounted at a 30° angle of incidence. ARPES data were processed 
using the curvature method.70  
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Supplementary Note 1. Potassium Intercalation 
To understand the fate of the K adsorbate, we performed surface-sensitive X-ray 
photoemission spectroscopy (XPS) of 0.2 ML K on MoS2 at a photon energy of 600 eV and at 
grazing incidence angle. Supplementary Fig. 1 shows the evolution of XP feature K 2p over a 16 
hr period. All XP spectra were normalized to the C 1s peak resulting from a small amount of 
adventitious carbon on the MoS2 crystal surface. In the chosen combination of photon energy and 
incidence angle, XPS is exquisitely surface sensitive with a measurement depth of a no more than 
one MoS2 layer. The XP spectra demonstrate therefore unequivocally that K atoms do not stay as 
surface adsorbates but rather intercalate and diffuse irreversibly into the crystal to a depth of at 
least one layer. There are no further changes to the XP or resonant photoemission spectra over the 
course of the measurement period, indicating that initial intercalation is fast while diffusion 
throughout the crystal is slow. This is also supported by the absence of any K 2p signatures after 
further cleaves of the MoS2 crystal. 
 
Supplementary Figure 1. XP spectra of C 1s and K 2p (normalized to C 1s) after K addition to 
bulk MoS2 (0 min) as a function of time, which demonstrates prompt K diffusion into the substrate.  
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Supplementary Note 2. XA Spectra of MoS2 and K/MoS2 
Though the Mo M3 edge XA spectra exhibits a small shift and a drop in intensity, the 
overall shape remains the same. This is shown in Supp. Fig. 2 where both spectra are superimposed 
and fit with a Voigt profile to give nearly identical linewidths.  
 
 
Supplementary Figure 2. XAS comparison of as-cleaved and K-dosed MoS2 with associated fits. 
a) Comparison of XA spectra on the Mo M3 edge for MoS2 and K/MoS2. The latter is scaled and 
shifted for ease of comparison. XA spectral fits using a linear background and Voigt peak profile 
for b) MoS2 and c) K/MoS2. Nearly identical FWHM values (in eV) are identified in parts b) and 
c).  
 
Supplementary Note 3. Core-Hole Clock Spectroscopy Scheme of Competitive Kinetics 
 Core-hole clock spectroscopy (CHC) may be readily interpreted in the framework of a two-
level scheme (ground state |0⟩ and core-excited state |1⟩) coupled to a continuum of states |𝑘⟩ 
composed of electronic states with crystal momentum 𝑘 (Supp. Fig. 3). Assuming that all decay 
channels are independent and that coherences can be neglected due to decay into dense continua, 
the decay of the core-excited state |1⟩ may occur through a number of Auger decay processes with 
a combined rate 𝑘𝑐−ℎ, or by delocalization into the continuum of electronic states {|𝑘⟩} in the solid 
and characterized by rate 𝑘𝐶𝐵. If 𝑘𝐶𝐵 ≪ 𝑘𝑐−ℎ, resonant excitation of |1⟩ enhances the intensity of 
the photoemission features associated with the Auger-like decays, while such enhancement is 
suppressed if instead 𝑘𝐶𝐵 ≫ 𝑘𝑐−ℎ. The competition of these two decay processes, governed by the 
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relative magnitude of the two rate constants, determines therefore the intensity of the associated 
spectroscopic features in the resonant photoemission spectra. 
 
Supplementary Figure 3. Principle of CHC to determine lifetimes. The relative magnitude of the 
two rate constants 𝑘𝑐−ℎ and 𝑘𝐶𝐵 determines the intensity of associated Auger features in the 
resonant photoemission map. 
|1⟩
|0⟩
|𝑘⟩
kc-h
kCB
